The structure and properties of HVOF sprayed WCCo, CrC-NiCr, T-800 (Co-Mo-Cr-Si) coatings were investigated. The coatings were sprayed by three equipment manufacturers -Hobart Tafa Technologies, Plasma-Technik AG and Perkin-Elmer/Metco Division. The characteristics of the coatings were compared with those of identical coatings sprayed by plasma arc spray.
INTRODUCTION
Thermal spray is a coating process used to apply metallic and nonmetallic coatings. These processes are grouped into three major spray categories: combustion, Plasma Arc, and Wire Arc. Energy sources are used to heat the coating materials to a molten state and the resultant heated particles are accelerated and propelled against a prepared surface by either process gases or atomization jets. Upon impact, a bond forms between the surface and the particles, causing thickness buildup.
The HVOF (Hypervelocity Oxy-Fuel) process is a combustion thermal spray process where gas velocities at the nozzle exit exceed 1000 ft/sec.
THE HVOF PROCESS
The principle of the HVOF process is the combustion of a fuel and oxygen, into which a feedstock powder is injected. The HVOF gun contains an internal chamber into which a gaseous fuel (propane, propylene, hydrogen, MAPP, or acetylene) or a liquid fiiel (K-l kerosene) and oxygen are injected at high pressures and high flow rates. The gases are injected and continuously combusted, and the resulting flame is allowed to expand supersonically and exit to the atmosphere through a long nozzle, similar to that of a rocket motor, as indicated by the presence of characteristic "shock diamonds" in the flame.
The powder is injected into, or downstream of, the combustion chamber, and the particles are heated, melted and accelerated by the flame gases. The high "back pressures" generated by most HVOF systems require the use of pressurized powder feeders in order to convey the powder into the hot gas flame jet.
Compared to plasma air spraying (APS), HVOF is characterized by:
• lower thermal energy -combustion temperature is about 2760°C (5000°F) compared to 11094°C (20000°F) of plasma; • high kinetic energy -gas velocity at the nozzle exit is supersonic, about 2+4 Mach, compared to subsonic gas velocity at plasma.
HVOF SYSTEM
a) The HVOF system is composed of the following major components:
• gun;
• process controller;
• powder feeder;
• gas supply -fuel, oxygen, additive gas (nitrogen), carrier gas (nitrogen or argon) and air; • peripheral equipment: robot or manipulator, rotating turntable; water cooling system; spraying cabinet.
b) The main design differences between current commercial systems include the use of:
• axial and radial powder injection;
• combustion chamber pressure and configuration;
• nozzle design and length;
• powder injection location;
• closed or open loop control of the gas flow (using mass flow controllers); • the method of mixing the fuel with oxygen.
c) The current commercial systems also differ from one another in their degree of fitness for industrial manufacturing. In order to achieve this goal the system should be completely automated, repeatable, reliable and economical, and show high quality performance.
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HVOF COATINGS a) Materials
The feedstock materials are in powder form, with a typical grain size of 45-10 μηι. The sprayed materials generally belong to three major groups:
• Carbides -Tungsten and chrome based, e.g., 83WC-17Co; 88WC-12Co; 75Cr 3 C2-25NiCr; 82Cr 3 C 2 -18NiCr.
• Alloys -Nickel, cobalt, iron, copper, aluminum base materials, e.g., Inconel-718; Τ 800; Τ 400; Ni base alloys; SST, Cu-Ni-In, ALSI polyimide or polyester.
• Oxides -Low melting temperature oxides, e.g., Al 2 0 3 -Ti0 2 .
b) Properties
Compared to plasma (APS) coating, the HVOF coating is characterized by improvement of all the coating properties.
• Density -The HVOF coating is denser. The porosity level is lower than 1%, compared to 3% and higher in plasma.
• Oxides -The HVOF coating contains less oxides.
The oxide level is less than 1%, compared to 3% and higher in plasma.
• Adhesion (Tensile) Strength -The tensile strength of HVOF coating is generally 1.5-3 times higher than a similar plasma coating. It is generally in the range of 9000 -12000 psi, compared to < 7000 psi in plasma.
• Cohesion (Internal) Strength -
The cohesive strength of an HVOF coating is higher than that of a similar plasma coating. The coating is characterized by low tensile stresses, or even compressive stresses, compared to moderate to high tensile stresses in plasma.
• Microstructure -The HVOF coating microstructure is more uniform, fine and controlled, compared to a similar plasma coating.
• Surface roughness -The "as sprayed" surface roughness of HVOF coating is significantly lower than a similar plasma coating.
c) Dimensions
As a result of the improvement in properties, HVOF coatings can be sprayed to a higher thickness than similar plasma coatings, retaining their improved properties. Table 1 shows a comparison of design data between HVOF and plasma coatings for aircraft applications.
AIRCRAFT APPLICATIONS
Typical aircraft applications are described in Table  2 . The applications are mainly in jet engines and helicopters. It should be noted that aircraft coatings, both HVOF and others, should follow and satisfy aircraft specifications.
EXPERIMENTAL PROCEDURE
The structures and properties of HVOF sprayed coatings WC-17Co, 75Cr 3 C 2 -25NiCr, and Τ 800 (Co28Mo-17Cr-3Si) were investigated. The coatings were sprayed by three equipment manufacturers, using their systems, and were required to meet G.E. HVOF relevant specifications, excluding specimen thickness. Table 1 Coating thickness comparison (design data), HVOF and APS. Aircraft application • Hobart Tafa Technologies -JP-5000 system • Perkin Elmer/Metco Div. -Diamond Jet (DJ-ATC)
• Plasma Technik AG -CDS 100.
The fuel for the DJ-ATC and CDS-100 coatings was hydrogen, while the fuel for the JP-5000 was K-l kerosene. The coatings were processed and examined at the Engine Plant, IAI, Metallurgical Laboratory by standard metallurgical procedures. They were compared with G.E. specifications, with one another and with similar coatings sprayed by APS.
In order to prevent disclosure of commercial information, the above-mentioned manufacturers will be randomly called MFG 1, 2, 3. During the examination of the HVOF coatings an "Effective Coefficient of Impact" was defined as: "The relative increase in
The Structure and Properties of Hypervelocity Oxy-Fuel (HVOF) Sprayed Coatings surface hardness after spray, divided by the relative increase of surface hardness after grit blast surface preparation" in order to evaluate the peening effect of the HVOF spray.
WC-Co
The coating is characterized by a cobalt solid solution matrix and WC precipitates: a small amount of W2C and MßC (W3C03C) may be present, because of either the feedstock composition or thermal transformations during spraying, but should be kept to a minimum
III.
Typical microstructure of this coating sprayed by APS is shown in Fig. 1 .
I. Plasma, x200
IX· HVOF, MFG 1, x200
III HVOF, MFG 2, x200 IV HVOF, MFG 3, x200 Typical microstructure of HVOF coating is shown in Fig. 1 .
Typical properties of this coating, sprayed by three manufacturers, are shown in Table 3 .
75cR3C 2 -25NiCr
The coating is characterized by a NiCr solid solution matrix and Cr 3 C2 precipitates. Small amounts of other carbides, like Cr 7 C 3 and Cr 23 C 6 , may be present because of thermal transformation during spraying III. Typical microstructure of this coating sprayed by APS is shown in Fig. 2 . Typical properties of APS coatings are as follows:
I. Plasma, x200 II· HVOF, MFG 1, x200
III. HVOF. MGF 2, x200 IV. HVOF, MGF 3, x200
Fig. 2:
Typical microstructures of 75Cr 3 C2-25NiCr coating. 
